Lattice dynamics in solids, described in terms of quantized collective vibrational excitations or phonons, play a major role in such phenomena as superconductivity, electrical conductivity, thermal transport and structural phase transitions. Phonons can be probed using electron energy loss spectroscopy (EELS) in the scanning transmission electron microscope (STEM), with a spatial resolution exceeding that of more conventional techniques such as inelastic x-ray and neutron scattering, or optical spectroscopies [1,2]. With an aim to take full advantage of the ≤ 1 Å electron probe available in state-of-the-art STEMs, the possibility of atomically resolved vibrational spectroscopy has been discussed in the electron microscopy community. Improving on a previously reported demonstration of < 2 nm spatial resolution [3], we show that atomically resolved vibrational spectroscopy is possible in the electron microscope [4].
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Using an off-axial collection geometry (see EELS aperture position "B" in figure 1a) allows for producing atomically resolved phonon structure images figure 1d is attributed to localised inelastic impact scattering, not preservation of elastic contrast, in agreement with our simulations. This is further confirmed by the fact that the contrast of these phonon maps differs significantly from that of the corresponding quasielastic zero loss peak (ZLP) map. Effectively displacing the spectrometer aperture away from the optical axis (using e.g. a "diffraction shift" control) reduces the relative spectral contribution of elastic and delocalised inelastic dipole scattering with respect to that of impact scattering, making possible the acquisition of phonon structure images of hBN using the Daresbury Nion UltraSTEM100MC, with reasonable signal-to-noise. The advantage of an off-axis collection geometry is clear from comparing the lattice contrast in the off-axis phonon maps (figure 1d) to the fairly poor contrast in the on-axis ("A", figure 1a) map (figure 1c) of the phonon loss peak (figure 1b), attributed to the excitation bulk optical (LO-TO) modes and associated phonon polaritons (PhPs). Atomically resolved vibrational spectroscopy in the STEM could be particularly useful for probing effects induced by vacancies, dopants and grain boundaries, and other localized modifications of a materials vibrational response, at finite wave vectors. Our approach provides complementary information to that of nanoscale phonon dispersion mapping [5, 6] ; possible advantages of applying both methodologies to the same materials system will be discussed [7].
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